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 Parallel evolution of similar morphologies in closely related lineages provides insight into the
repeatability and predictability of evolution. In the genus Antirrhinum (snapdragons), as in
other plants, a suite of morphological characters are associated with adaptation to alpine environments.
 We tested for parallel trait evolution in Antirrhinum by investigating phylogenetic relationships using restriction-site associated DNA (RAD) sequencing. We then associated phenotypic
information to our phylogeny to reconstruct the patterns of morphological evolution and
related this to evidence for hybridisation between emergent lineages.
 Phylogenetic analyses showed that the alpine character syndrome is present in multiple
groups, suggesting that Antirrhinum has repeatedly colonised alpine habitats. Dispersal to
novel environments happened in the presence of intraspecific and interspecific gene flow.
 We found support for a model of parallel evolution in Antirrhinum. Hybridisation in natural
populations, and a complex genetic architecture underlying the alpine morphology syndrome,
support an important role of natural selection in maintaining species divergence in the face of
gene flow.

Introduction
Parallel phenotypic evolution – the repeated evolution of similar
morphologies in closely related lineages – has long fascinated
biologists, as it provides insight into the repeatability and predictability of evolution (Elmer & Meyer, 2011). In some animal
groups, such as cichlid fish, there are numerous striking examples
in which many aspects of body morphology, coloration and
behaviour show similar phenotypic responses to particular environmental conditions (Salzburger, 2009; Elmer et al., 2014; Oke
et al., 2017). In plants, morphological parallelism has been characterised in dwarf and tall Eucalyptus (Foster et al., 2007), sand
dune and rocky headland Senecio (Roda et al., 2013), alpine and
montane Heliosperma (Trucchi et al., 2017), and beach, estuary
and spring Cochlearia (Brandrud et al., 2017). These studies
revealed that certain suites of traits are often under selection in
challenging and stressful environmental conditions such as high
salinity, high elevation and extreme exposure, and more generally
highlight the central role of natural selection in shaping phenotypic trait evolution.
The first stage in understanding the genetic basis of parallel
evolution is to know the relationships between populations and
species. A well resolved phylogeny is essential for confirming parallel evolution, while the integration of phenotypic data with
molecular phylogeny can reveal the spatial and temporal context
of phenotypic evolution (Rosenblum et al., 2014). However,

many examples of parallel evolution come from closely related
taxa in which phylogenetic reconstruction is hampered by low
genetic divergence of species, incomplete lineage sorting and
hybridisation (Twyford & Ennos, 2012; Fernandez-Mazuecos
et al., 2018). Next-generation sequencing approaches can generate a wealth of sequence data to address phylogenetic questions,
but numerous phylogenetic issues remain problematic. For example, many genomic phylogenies overestimate branch support,
while those branches with low support fail to distinguish low
information content from the presence of multiple highly supported incongruent phylogenetic histories (Pease et al., 2018),
both of which are expected in recent radiations. Characterising
the sources of phylogenetic uncertainty can also help to identify
the evolutionary mechanism of allele sharing. If phylogenetic
uncertainty reflects hybridisation, then introgression may cause
adaptive alleles to be shared among divergent species. However if
introgression is rare, or can be ruled out, then parallel evolution
is more likely to be due to independent mutations or adaptation
from standing genetic variation within species (Wilding et al.,
2014). To address these challenges we require tractable empirical
systems with taxa that span a range of divergence times, together
with broad geographic distributions that provide the opportunity
for parallel evolution in allopatry.
Here we investigated parallel phenotypic evolution in snapdragons (Antirrhinum, Plantaginaceae). Antirrhinum, in particular A. majus, has long been a model system for the study of
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pigment biosynthesis and photosynthetic pathways and their regulation, plant growth and development, transposons and selfincompatibility (Coen et al., 1986; Coen & Meyerowitz, 1991;
Luo et al., 1996; Xue et al., 1996; Whibley et al., 2006; Hudson
et al., 2008a). Antirrhinum is also becoming an important model
system in evolutionary biology for the study of barriers to gene
flow (Ringbauer et al., 2018). This includes work on genomic
islands of divergence (Tavares et al., 2018) and the molecular
genetic basis of traits responsible for reproductive isolation
(Bradley et al., 2017). The genus Antirrhinum includes c. 20
species across the Mediterranean basin, and exhibits rich variation
in flower, leaf-shape and branching traits. The ability of all
species to form fertile hybrids (Hudson et al., 2008b), the presence of natural hybrid zones (Tavares et al., 2018), and the
related morphologies of taxa, suggest a recent radiation of Antirrhinum species. Dated phylogenetic analysis of plastid sequence
data suggested an origin for the radiation of Antirrhinum within
the last 5 Myr (Vargas et al., 2009), with many species diverging
recently and with relationships that have proved difficult to
resolve (Zwettler et al., 2002; Jimenez et al., 2005; Mateu-Andres
& De Paco, 2005; Vargas et al., 2009; Wilson & Hudson, 2011;
Liberal et al., 2014).
The genus Antirrhinum is separated into three morphological
subsections (Rothmaler, 1956), with species from the two largest
subsections, Kickxiella and Antirrhinum, showing suites of traits
adaptive to contrasting environments. Species from Antirrhinum
subsection Kickxiella are small prostrate alpines or xerophytes
that have highly branched stems, small ovate hairy leaves, and
small pale flowers (Fig. 1). Most of these species are endemics of
a few mountains across Iberia where they grow as true alpines on
rocky cliffs (including mountains over 2500 m elevation, Liberal
et al., 2014). By contrast, species from Antirrhinum subsection
Antirrhinum are large upright unbranched plants with large
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elongated leaves and magenta-pink or yellow flowers. These
species are generally found in more competitive habitats with
dense vegetation, including low elevation grasslands. The third,
smaller subsection, Antirrhinum subsection Streptosepalum, are
morphologically intermediate between the other two subsections,
with a generally tall and upright growth habit, long thin leaves
and large yellow flowers. Comparative morphological analyses
show the morphological divergence of subsections Kickxiella and
Antirrhinum represent the primary axis of morphological divergence in the genus (Wilson & Hudson, 2011).
Our study focuses on the case of putative parallel evolution of
the Kickxiella morphology, which may have allowed species to
colonise cliffs and rocky surfaces repeatedly. Previous population
genetic analyses with amplified fragment length polymorphisms
have suggested that species from subsection Kickxiella do not
belong to a single genetic cluster, and instead fall within at least
two divergent species groups (Wilson & Hudson, 2011). However, the previous study was unable to resolve relationships within
this recent species radiation and could not identify the number of
Kickxiella groups, the direction of morphological evolution, and
whether introgression could underlie adaptation. The primary
aims of this study were to resolve the relationships between Antirrhinum taxa and to test for the parallel phenotypic evolution of
traits that characterise species of subsection Kickxiella. We reconstruct the phylogeny of Antirrhinum using dense restriction-site
associated DNA (RAD) sequence data generated for species from
across the genus. We then scored phenotypic characters and associated them with our phylogeny to reconstruct patterns of morphological evolution. Our evidence suggests that the genus
Antirrhinum has repeatedly evolved suites of morphological traits
allowing them to explore new ecological opportunities, with multiple independent species groups possessing alpine Kickxiella
morphology allowing them to grow in challenging alpine

Fig. 1 Contrasting morphologies of the three Antirrhinum subsections. Pairs of images showing the growth habit and morphology of plants in the field and
in the laboratory. From left to right: A. pseudomajus population L053 showing typical subsection Antirrhinum morphology; A. molle population E051
showing typical subsection Kickxiella morphology; A. meonanthum population L118 showing typical subsection Streptosepalum morphology. Bars, 2 cm.
[Correction added after online publication 1 August 2021: the middle-upper panel in the figure has been updated.]
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conditions of dry rocky cliff faces. Signatures of hybridisation
suggest that introgression may have been involved in parallel evolution of the Kickxiella morphology.

Materials and Methods
Study species
Antirrhinum species are short-lived perennial herbs or small
shrubs that are diploids (2n = 2x = 16), and most of which are
self-incompatible (Schwarz-Sommer et al., 2003). Antirrhinum
are renowned for their bilaterally symmetrical flowers with large
colourful petals, with the occluded corolla facilitating exclusive
pollination by bees (Vargas et al., 2010). This specialised pollination system is also characterised by conical epidermal cells, floral
scent and flowers that often possess pollination guides. Antirrhinum species demonstrate extensive variation in organ shape
and size (Feng et al., 2009), with many of these traits under selection across the diverse habitats that Antirrhinum inhabits. For
example, leaf surface area is associated with water limitation, with
species inhabiting near desert environments producing smaller
leaves than species found in wet or seasonally wet grasslands. The
genus is exclusively found in Western Europe, with most diversity
found in the Iberian Peninsula. Most taxa are ecologically specialised and geographically restricted with isolated populations
(Forrest et al., 2017), although some taxa are found more widely.
Sampling and sequencing
We sampled 120 individuals from 28 Antirrhinum taxa representing the geographic and taxonomic range of the genus. Most
samples were collected from the wild, with these supplemented
with additional samples from Antirrhinum collection holders
(Supporting information Table S1). Our sampling represented
seven main geographic regions: Portugal, Northern and Central
Spain, the Sierra Nevada and South of Spain, Morocco, the Pyrenees, the Alps and Italy (Fig. 2). Wild-collected seeds were germinated and grown under the glasshouse conditions specified in
Hudson et al. (2008b). Genomic DNA was extracted from 100
mg silica dried or fresh tissue frozen at 80°C, following a modified CTAB method (Doyle & Doyle, 1987). RAD libraries were
prepared from PstI-digested DNA following the method of
Miller et al. (2007), with custom combinatorial indexing of P1
and P2 adaptors. Libraries were pooled and sequenced with 100bp paired-end reads using the Illumina HiSeq-4000 platform at
Edinburgh Genomics.
Alignment of RAD data
Raw reads were demultiplexed using the process_radtags script
from the Stacks software (Catchen et al., 2013). TRIMMOMATIC
0.36 (Bolger et al., 2014) was used to remove adaptor sequences,
clip sequences with a phred score of ≤20 and remove any reads
shorter than 30 bp. Filtered reads were mapped to the A. majus
genome (Li et al., 2019) using BOWTIE2 (Langmead & Salzberg,
2012) and duplicate sequences were removed using Picard tools
Ó 2021 The Authors
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(Broad Institute, 2018). SNPs were called using SAMTOOLS 1.6
and the multiallelic caller implemented in BCFTOOLS 1.4 (Li,
2011), retaining invariant sites. This dataset was then filtered by
mapping quality (≥40), depth (≥39) and missing data, both per
taxon (removing individuals with >70% missing data) and per
site (removing sites present in less than 50% of individuals). The
final data included 16 061 293 sites from 86 samples corresponding to 24 taxa.
To root the phylogenetic trees we used available whole genome
sequence data from Misopates orontium (A. Whibley & E. Coen,
unpublished). Misopates has been shown to belong to the Antirrhinum clade, and diverged from the genus Antirrhinum in the
last 10–15 Myr (Ogutcen and Vamosi, 2016). Variant calling
was carried out as above retaining only the loci present in the
alignment of Antirrhinum samples.
Phylogenetic analyses
To resolve species relationships in the recent radiation of Antirrhinum we used a combination of maximum likelihood and coalescent phylogenetic approaches. Maximum likelihood analysis of
unpartitioned concatenated sequence data is a popular approach
that scales well to large genomic datasets. However, such methods
may lead to incorrect inferences in the presence of incomplete lineage sorting (Vachaspati & Warnow, 2018). Multispecies coalescent
methods account for incomplete lineage sorting by directly inferring
the species tree from the site patterns, and are often used to complement maximum likelihood analyses and understand sources of
incongruence. We also used multiple methods to estimate phylogenetic support and potential causes of phylogenetic conflict.
A maximum likelihood analysis was conducted on the concatenated dataset of variant and invariant sites using RAxML (Stamatakis, 2014) with a GTR-GAMMA substitution model, as
recommended by Stamatakis (2014). Initial branch support was
assessed using the rapid bootstrap option with 100 replicates. As
concatenated phylogenetic approaches using many nuclear loci
often overestimate phylogenetic support (Chou et al., 2015), we
further explored levels of conflict in our data by comparing the
topologies of a consensus tree obtained with RAxML from an
independent run of 1000 bootstrap replicates, with 200 replicates
of the quartet sampling method as described in Pease et al. (2018).
Quartet sampling (QS) evaluates for each node the observed
unrooted topology of four taxa versus the two discordant topologies in terms of three quartet scores: concordance (QC, with a
value of 1 when all quartets are concordant), differential (QD,
with a value close to zero when one alternative topology is
favoured over the other) and informativeness (QI, assessing
whether any lack of support reflects low information content).
We also reconstructed phylogenetic relationships using
SVDquartets (Chifman & Kubatko, 2015). The SVDquartets
algorithm requires unlinked multilocus data and therefore we filtered the previous alignment using the function thin in VCFTOOLS
(Danecek et al., 2011) to keep sites separated by at least 100
bases. The phylogenetic analysis was run in PAUP* 4.0, including
all possible quartets of samples and with 500 bootstrap replicates.
The resulting trees were visualised with FIGTREE v1.4.3
New Phytologist (2021)
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Fig. 2 Geographic map showing the locations of Antirrhinum populations used in this study. Colours and letters represent the seven geographic regions
delimited for the analysis. These are Po, Portugal; NCS, North and Centre of Spain; SN, Sierra Nevada and South of Spain; Mo, Morocco; Py, Pyrenees; Al,
Alps and It, Italy.

(Rambaut, 2016) and the topology compared with the RAxML
tree using the R package PHYTOOLS (Revell, 2012).
ABBA-BABA tests of introgression
To test for an excess of shared derived polymorphisms indicative
of hybridisation we calculated D-statistics based on four-taxon
ABBA-BABA tests using the software DSUITE (Malinsky et al.,
2020). This analysis used the same concatenated matrix as the
New Phytologist (2021)
www.newphytologist.com

RAxML analysis. For this analysis we aggregated individuals into
species, with the exception of distinguishing populations of A.
barrelieri from Morocco and the Sierra Nevada as they were
placed in different groups in all our phylogenies (see Results).
We tested for hybridisation between all trios of related species
controlling for phylogenetic relatedness (the ‘correct tree arrangement’, sensu Malinsky et al., 2020), as well as alternative measures
that produce a conservative estimate of hybridisation (‘Dmin
arrangement’) or directly infer relatedness from the site patterns
Ó 2021 The Authors
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without using a phylogeny (‘BBAA arrangement’). We fixed the
species M. orontium as the outgroup for inferring the ancestral
allele in the analysis of each ingroup trio. To better visualise
introgression patterns inferred from the D-statistic test we plotted
the results in a heatmap using a custom script available from
www.github.com/mmatschiner.
Ancestral state reconstruction of vegetative and
reproductive characters
We investigated morphological traits that are heritable and contribute the most to the differences in leaf and petal shape (allometry) between subsections Kickxiella and Antirrhinum (Wilson &
Hudson, 2011). These traits were plant height (from cotyledons
to inflorescence tip at anthesis of the first flower), leaf morphology, dorsal petal morphology and flower colour. These characteristics were scored on plants from the same accessions used for
phylogenetic analysis, growing under glasshouse conditions following the protocol described in Hudson et al. (2008b). Traits
were scored on an average of two or three individuals per species.
For measures of allometry, fully developed metamer four leaves
were flattened and imaged or the dorsal corolla excised, flattened
and scanned and points placed around their silhouettes using the
software AAMTOOLBOX (http://cmpdartsvr1.cmp.uea.ac.uk/wiki/
BanghamLab/index.php/Software), following the methods
described in Langlade et al. (2005). A principal component analysis was then used to partition the variance between samples into
main PCs. For each type of organ (leaf or flower) PC1 was used
for ancestral reconstruction. LePC1 accounts for 87% of the variation in shape and size of leaves and FsPC1 accounts for 82% of
the variation in size, shape and angle of dorsal petals (Fig. 3). In
addition to the allometric models, the traits plant height and
flower colour were also used for reconstruction.
Colour patterns of the corolla were scored based on well characterised phenotypes and genotypes previously recorded in
mutants and in natural populations of the species A. majus (Whibley et al., 2006). Flower colour was classified as white, yellow,
magenta or restricted magenta (Fig. 3).
We performed maximum likelihood ancestral state reconstruction for all characteristics using fastAnc and contMap
implemented in PHYTOOLS (Revell, 2012), assuming a Brownian model of evolution. To account for polymorphic states in
flower colour, we used the rayDisc function in the package
CORHMM (Beaulieu, et al., 2013). RayDisc deals with polymorphic data by assigning equal likelihood values to each state
in a polymorphic sample. One individual was used per taxon
and tested with both a symmetrical model, in which all transitions between character states are possible and forward and
reverse transitions have equal rates, and an asymmetrical model
in which all transitions are possible but forward and reverse
transitions have different rates. We also ran constrained models
for flower colour to account for the rarity of orange flowers in
the transition between yellow and magenta, which suggests a
white intermediate (Ellis & Field, 2016). We evaluated the
degree of support for each model using a likelihood ratio test
and the Akaike Information Criterion (AIC) score.
Ó 2021 The Authors
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Results
Phylogenetic relationships
To reconstruct phylogenetic relationships in Antirrhinum we generated RAD sequence data from species representative of the morphological and geographically diversity present in the genus.
Illumina sequencing produced 104 031 701 paired-end sequencing
reads, with a mean of 541 061 reads per sample. Thirty-four samples were removed in sample quality filtering, including the only
specimen of the taxon A. subbaeticum, leaving 86 individuals from
24 species. Alignment of sequence reads to the A. majus reference
genome varied between 77% and 99% per sample, with an average
of 93%, with a final per-sample mean coverage of 17.7-fold.
The phylogenetic analyses resolve the relationships between
major clades in Antirrhinum (Fig. 4), with maximum likelihood
(ML) and coalescent trees showing similar overall topologies,
although with some notable differences in parts of the phylogeny
that were poorly resolved (discussed below). As expected from a
concatenated genomic sequence alignment, most (90%) of all
nodes across the ML phylogeny have bootstrap support values of
90% or higher, including the clades corresponding to the main
Antirrhinum subsections. However, only 19% of nodes in the
coalescent tree have support values of 90% or higher, with the
node corresponding to what is traditionally considered as subsection Antirrhinum having a support value of 83%. Rooting the
phylogeny with Misopaetes produced a long branch to the outgroup, with short branches separating early diverging Antirrhinum lineages in the ML tree.
Our phylogenies revealed notable discordance with the traditional taxonomic classification of the genus based on morphology. For example, individuals traditionally classified as Kickxiella
were distributed into at least four different groups across the phylogeny (Fig. 4). Kickxiella Group 1 was placed as early diverging
in both phylogenies. Group 2 consisted of two endemic species
from subsection Kickxiella with A. meonanthum (subsection
Streptosepalum). Group 3 was composed exclusively of the species
A. molle and was placed as a sister clade to the whole subsection
Antirrhinum. Group 4 in the ML tree was nested within subsection Antirrhinum and was composed of the species A. hispanicum,
A. rupestre, A. mollissimum and A. charidemi from the southeast of
Spain. These species were split into two separate groups in the
coalescent tree. Finally, the two Streptosepalum species were
placed with Kickxiella: A. braun-blanquetii within Kickxiella
Group 1 in the ML phylogeny or as its sister in the coalescent
tree, and A. meonanthum within Kickxiella Group 2.
In both phylogenetic trees, the topology within some clades
showed a stronger relationship to geographic distributions than
to morphology. This was the case for Group 4 of Kickxiella,
which was nested within subsection Antirrhinum and grouped
with other species distributed in the south of Spain and Morocco.
Also, the accessions of A. barrelieri from the Sierra Nevada were
more closely related to other species from southeast Spain than to
the conspecific accessions from Morocco (Figs 3,4).
Despite the well supported tree topology in the ML analysis,
further characterisation of phylogenetic relationships revealed
New Phytologist (2021)
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(a)

(b)

(c)

Fig. 3 Leaf and flower variation in
Antirrhinum. (a) Representations of low,
mean and high values for PC1 for leaf shape
(LePC1). (b) Low, mean and high values for
flower shape (FsPC1). (c) Front and side
views of flowers showing colour patterns
used in the ancestral state reconstruction:
white, yellow, magenta and restricted
magenta. PCAs of flowers and leaves follow
Wilson (2010).

substantial conflict across the tree (Fig. 5). The clade showing the
highest level of conflict was the group of species distributed in
the southeast of Spain that includes the taxa A. australe and A.
tortuosum. The ML phylogeny failed to support the relationship
of this group of species but the coalescent tree showed a division
that matches the geographical distribution of each accession
(Fig. 5). All accessions of A. australe, and the A. tortuosum accessions that clustered with the Moroccan A. barrelieri (L81, L93,
L100, L102) were from the Sierra de Grazalema, west of Granada
towards the Strait of Gibraltar. By contrast, A. barrelieri to the
east of Granada (L148, L150, L205) clustered with the Kickxiella
species found in the same region, consistent with local hybridisation. Overall, the high levels of conflict shown by quartet sampling and the bootstrap tree, suggest a biological process (e.g.
hybridisation or incomplete lineage sorting (ILS)), as the main
cause of conflict rather than a lack of informative characters.
Ancestral state reconstruction of morphological traits
Morphological subsections are defined by suites of morphological
characters, particularly plant size, organ shape and size and flower
colour (Wilson & Hudson, 2011; Feng et al., 2009; Langlade
et al., 2005). However, morphological subsections are not
New Phytologist (2021)
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supported as monophyletic in our phylogenetic analyses, suggesting that similar suites of characters have evolved in parallel. To
test this, and to estimate ancestral morphologies, we reconstructed ancestral traits along the phylogeny (Fig. 6). These
results suggested that the combination of size and shape traits
associated with subsection Kickxiella evolved several times: in the
early-diverged Kickxiella lineage (Group 1) and independently
within subsection Antirrhinum, from an intermediate ancestral
phenotype very similar to the species A. siculum. Additionally,
the results for leaf and flower size showed variation between the
taxa traditionally considered Kickxiella. The individuals placed
within the Kickxiella Group 1 tended to have smaller and
rounder leaves and flowers in comparison with the species within
the other Kickxiella groups.
For ancestral state reconstruction of flower colour, the symmetrical model was chosen as it had the lowest AIC value, with
no significant differences between constrained and unconstrained
models (Table 1). Here we show the results obtained with
corHMM (Beaulieu et al., 2013) as it deals better with polymorphism in the data. In total, six taxa were found to be polymorphic. These were A. boissieri, A. barrelieri from Morocco, A.
mollissimum, A. pseudomajus, A. striatum and A. tortuosum. The
ML estimates of the transition rates under a symmetrical model
Ó 2021 The Authors
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(a)

(b)

Fig. 4 Comparison of phylogenies for diverse species of Antirrhinum generated with maximum likelihood and coalescent approaches. (a) Maximum
likelihood tree for 24 Antirrhinum taxa based on 16 061 293 aligned nucleotides analysed using RAxML with a GTR-GAMMA model of nucleotide
substitution. (b) Coalescent tree obtained using 126 662 spaced SNP loci and analysed with SVDquartets under a coalescent model of evolution. Green
circles represent nodes with less than 90% support. The colours represent the three main morphological subsections: blue corresponds to subsection
Kickxiella, yellow to subsection Streptosepalum and pink to subsection Antirrhinum. The group numbers correspond to the Kickxiella groups found in the
maximum likelihood analysis shown in (a).

support the constrained evolution of flower colour in Antirrhinum (Table 2). Forward and reverse transitions between yellow and magenta (restricted or not) have a likelihood of zero
(Table 2). Additionally, forward and reverse transitions from
white to yellow are more likely to occur than transitions from
white to magenta (restricted or not).
Ó 2021 The Authors
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ABBA-BABA tests of introgression
Quartet analysis had suggested incongruence was the result of
ILS or hybridisation. We tested the involvement of hybridisation
further by calculating the excess of derived polymorphisms shared
between lineages using the D-statistic. We found an average value
New Phytologist (2021)
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(a)

(b)

Fig. 5 Comparison of the analyses of conflict in the maximum likelihood phylogeny of Antirrhinum. (a) Densitree showing variation in tree topology across
1000 bootstrap trees in RAxML. (b) Maximum likelihood phylogeny produced with RAxML showing quartet scores for 200 replicates following the method
of Pease et al. (2018). Missing quartet sampling values indicate perfect scores. Species are coloured corresponding to morphological subsections: blue is
subsection Kickxiella, yellow is subsection Streptosepalum and pink subsection Antirrhinum. The dark pink square indicates a group of Antirrhinum species
with the highest level of conflict. Coloured clade bars indicate geographic zones: Po, Portugal; NCS, North and Centre of Spain; SN, Sierra Nevada and
South of Spain; Mo, Morocco; Py, Pyrenees; Al, Alps and It, Italy.

of D = 0.07 when accounting for phylogeny, with a maximum
value of 0.37, suggesting hybridisation across several groups
(Fig. 7). The species A. braun-blanquetii showed consistently
New Phytologist (2021)
www.newphytologist.com

high values of D (> 0.25) in combination with species from subsection Antirrhinum, including species with overlapping geographic ranges and species that do not occur in sympatry. Within
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Height

(a)

Leaf morphology
(LePC1)

(b)

Petal morphology
(PePC1)

(c)

Fig. 6 Ancestral state reconstruction of continuous characters in Antirrhinum. (a) Plant height. (b) Leaf size and shape. (c) Flower size and shape. Sample
names are coloured corresponding to morphological subsections: blue is subsection Kickxiella, yellow is subsection Streptosepalum and pink subsection
Antirrhinum.

subsection Antirrhinum, the species A. tortuosum, A. australe, and
the Moroccan accessions of A. barrelieri have high values of D (c.
0.3) when compared with values for the rest of the genus, supporting widespread hybridisation. In some of these cases, hybridisation and introgression occur in sympatry, such as for A. boissieri
and A. tortuosum in southern Spain, while a high value of D cannot be explained by current range overlap for other species such
as A. braun-blanquetii and A. pulverulentum. Alternative measures
of hybridisation were generally consistent with these results, with
the conservative estimate of hybridisation Dmin supporting
widespread hybridisation of A. braun-blanquetii, but more limited hybridisation between other species combinations (Fig. S1),
while hybridisation inferred directly from site patterns (the
Ó 2021 The Authors
New Phytologist Ó 2021 New Phytologist Foundation

‘BBAA arrangement’; Fig. S2) was broadly similar to that using
the phylogenetic tree, above.

Discussion
Our analysis of genome-wide variation across Antirrhinum
species has allowed us to reconstruct a phylogeny for the genus,
and to test for parallel phenotypic evolution in the colonisation
of alpine environments. We show that Kickxiella alpine morphology is present in multiple groups of Antirrhinum species, suggesting repeated colonisation of alpine environments through similar
morphological changes. We also found evidence that the lowland
morphology of subsection Streptosepalum species is likely to have
New Phytologist (2021)
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Table 1 Comparison between symmetrical, asymmetrical and constrained
models of flower colour transition in Antirrhinum.
Model

Loge lik

AIC

Ape
Symmetrical
Asymmetrical
Constrained
corHMM
Symmetrical
Symmetrical constrained
Asymmetrical
Asymmetrical constrained

181.09
188.25
193.9

84.54
82.12
88.95

70.68
72.5
80.49
80.41

29.34
28.25
28.24
28.2

Results are presented for the analyses in Ape and corHMM. Bold values
are the lowest AIC and log-likelihoods (Loge lik).

Table 2 Maximum likelihood point estimates of transition rates under the
symmetrical model obtained in corHMM.

White
Yellow
Magenta
Restricted Magenta

White

Yellow

–
100.00
0.12
1.01

100.00
–
0.00
0.00

Magenta
0.12
0.00
–
14.89

Restricted magenta
1.06
0.00
14.89
–

evolved independently from alpine Kickxiella lineages. The evidence for hybridisation between taxa across the Antirrhinum phylogeny suggests that introgression may have played a role in
adaptation, potentially facilitating the colonisation of new environments. Here, we discuss these results in the context of other
studies of parallel evolution in plants, and consider the biogeographic scenarios and genetic architectures giving rise to morphological diversity in Antirrhinum.
Phylogenetic history of Antirrhinum
Our ML and coalescent phylogenetic analyses show the same
overall topologies, with generally high support for the major
clades. Although RAD sequencing is considered to have some
disadvantages for reconstructing evolutionary histories (Leache
et al., 2015; Huang and Lacey, 2016), the phylogenetic resolution we obtained is proof of the power of RAD sequencing for
resolving recent radiations in which traditional markers fail
(Zwettler et al., 2002; Jimenez et al., 2005; Mateu-Andres & De
Paco, 2005; Vargas et al., 2009; Wilson & Hudson, 2011; Liberal et al., 2014). Our phylogeny revealed an early diverging lineage (Group 1), formed by species with a Kickxiella alpine
morphology that are endemic to different mountain ranges in the
north and centre of Spain, placed as sister to the rest of the genus.
We also identified a large group corresponding to subsection
Antirrhinum, with a group of Kickxiella-like species from southern Spain (Group 4) nested within. Overall, the phylogeny shows
broad-scale clustering by taxonomic affinity and morphology,
with individual species clustering by geography, indicative of
local speciation (rather than long distance dispersal) underlying
the formation of narrow endemic Antirrhinum species.
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Despite the strong support found in the ML phylogeny, phylogenetic analyses using concatenated data can overestimate bootstrap support values and hide multiple equally supported
conflicting topologies, especially in the presence of ILS
(Gadagkar et al., 2005; Warnow, 2015). Our analyses of conflict
showed high support values across the phylogeny; however,
notably high levels of conflict were observed in the clade composed of the taxa A. tortuosum, A. australe, and the Moroccan
accessions of A. barrelieri. This clade also showed low support in
the ML and coalescence trees. Results from QS suggest that the
topology observed is not caused by a lack of information in the
data and point to another biological process as the most likely
source of conflict. Together, a lack of support and low phylogenetic resolution, values of the hybridisation statistic D close to
0.3, and a very similar morphology, suggest that this group of
species is a species complex without clear reproductive, morphological or genome-wide genetic differences. The inclusion of A.
australe within A. tortuosum has been proposed by Mateu-Andres
& De Paco (2005), who obtained a broadly consistent tree topology in an allozyme study of several species of Antirrhinum. Our
phylogeny confirms these results and shows the presence of a geographical pattern of genetic structure in this species complex in
the south of Spain and Morocco. Here, members of different
species or even different morphologically subsections, can be
genetically more similar to their neighbours rather than geographically more distant members of the same species or subsection, which is likely to be due to the homogenising effect of
hybridisation in areas of sympatry (discussed below). Future taxonomic work should supplement this phylogenetic framework
with additional samples and use this to identify monophyletic
taxa that warrant continued recognition as distinct species.
Parallel phenotypic evolution
The appearance of Kickxiella morphology in multiple groups
across the Antirrhinum phylogeny supports parallel phenotypic
evolution of this trait combination. Phenotypic parallelism can
be the result of many different combinations of historical events
and involves different underpinning genetic architectures, with a
number of nonexclusive scenarios having been identified (Johannesson et al., 2010; Roda et al., 2013; Butlin et al., 2014). First,
there could be recurrent independent phenotypic evolution in
separate populations after an initial colonisation event. This scenario can be further subdivided depending on the genetic basis of
the phenotype, be it from independent origins of genetic variation in different populations or from standing genetic variation
in the ancestral population(s). Second, there may be a single
adaptive divergence event (i.e. a common genetic origin for a
given phenotype), followed by widespread colonisation of intermingled or adjacent environments.
A hypothesis of independent transitions would require three
transitions, one in each of the derived Kickxiella groups. While
plausible, this is not the most parsimonious explanation given
that Kickxiella Groups 1–3 are closely related. Instead, if the trait
combination in Kickxiella Groups 1–3 had a common genetic
origin, with Streptosepalum species evolving within this early
Ó 2021 The Authors
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Fig. 7 Heatmap showing the hybridisation
statistic D in the context of phylogenetic
relationships for species of Antirrhinum.
Colour key (bottom right) indicates the
values of D (red, high value; blue, low value)
and colour saturation indicates the
significance of the results. Maximum
likelihood phylogenies are shown next to the
taxa names. Species names are coloured
corresponding to morphological subsections:
blue is subsection Kickxiella, yellow is
subsection Streptosepalum and pink
subsection Antirrhinum.

diverging Kickxiella clade, there may be just a single transition, in
Group 4. Moreover, given extensive hybridisation in Antirrhinum, it may be that a single introgression event from Groups
1–3 to 4 would be sufficient to explain this difference. A study of
sequence variation in Hairy (Tan et al., 2020), a gene that
represses trichrome fate and underlies trichrome differences
between densely hairy Kickxiella species and largely hairless Antirrhinum species, showed that all Kickxiella species (except A. grosii)
form a single clade. This suggests a common genetic basis for at
least this component of the alpine Kickxiella phenotype.
Morphological and genetic data suggest that evolutionary transitions in Antirrhinum are driven by contrasting selection pressures,
and different genetic mechanisms underlie each morphological
trait. Our reconstructions of flower colour support the model of
Ellis & Field (2016) where colour transitions, for example from
yellow to magenta, predominantly occur through a white intermediate. Furthermore, the lack of orange coloured phenotypes, except
in narrow hybrid zones (Tavares et al., 2018), is consistent with
selection against double pigmented phenotypes. As such, evolutionary shifts in flower colour are likely to be due to mutations at
few major effect colour loci.
In contrast with flower colour, traits such as height, leaf area,
flower size and number have been shown to have a complex
genetic architecture in Antirrhinum, with several loci responsible
for each trait, with these spread throughout the genome (Feng
et al., 2009). Ongoing quantitative trait locus (QTL) mapping
Ó 2021 The Authors
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between A. rupestre and A. barrelieri in the Sierra Nevada similarly suggests that multiple QTL spread across many chromosomes underlie trait divergence in this group (Duran-Castillo,
2019). As these loci are dispersed across chromosomes, adaptive
divergence appears not to be solely maintained by a few regions
of reduced recombination such as chromosomal inversions,
which is a widely evoked mechanism to explain how suits of traits
can be maintained in the face of gene flow (Twyford & Friedman, 2015). Instead, selection on many regions of the genome
are likely to maintain ecotypic divergence of alpine and grassland
Antirrhinum species. Selection pressures on these morphological
traits are likely to be complex and include both biotic and abiotic
pressures, with smaller leaves and shorter stems adaptive to drier
habitats on rocky surfaces, while longer stems and bigger leaves
could be advantageous in the presence of a more competitive
environments (Parkhurst & Loucks, 1972; Nicotra et al., 2011).
A particular challenge for studies of trait evolution in Antirrhinum is posed by the rapid burst of speciation experienced early
in the origin of the genus. This has resulted in considerable divergence between Antirrhinum and its nearest relatives, such as New
World Sairocarpus or other taxa in the wider Antirrhinum clade
(such as Misopaetes, used here as an outgroup). This ‘evolutionary
gap’ creates uncertainty in the ancestral state for the group, especially given the morphological diversity present in lineages related
to Antirrhinum. Moreover, this burst of speciation makes it hard to
know the exact relationships of early diverging lineages. While we
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are confident that the Kickxiella phenotype is present in multiple
distinct lineages, the relationship between early diverging Kickxiella
lineages and Streptosepalum warrants further study, particularly
using long read sequencing and gene tree-specific analyses, which
may provide important insights into these closely related groups.
Speciation history of Antirrhinum
Rothmaler (1956) and Webb (1972) proposed a model of isolation–contact–isolation based on the distribution of important morphological characters in Antirrhinum. This model evokes the idea
that the Kickxiella and Antirrhinum morphologies first evolved during periods of isolation. Periods of secondary contact would then
allow the introgression of alleles underlying morphological traits,
with this introgression potentially facilitating the colonisation of
new habitats. In our study, we found indirect evidence for such a
model, with extensive hybridisation between species from across
the genus not just in well characterised hybrid zones but in numerous sympatric taxa as well as species in allopatry. Vargas et al.
(2004) and Vargas et al. (2009) reported recent putative hybridisation based on nuclear ribosomal ITS sequences, while Vargas et al.
(2009) found evidence for species within the same broad geographic area sharing chloroplast haplotypes. Similarly, Wilson &
Hudson (2011) found a mismatch between chloroplast lineages
and morphology in species with overlapping distributions. Several
Antirrhinum hybrid zones exist and have been well characterised,
particularly between Antirrhinum majus pseudomajus and A. majus
striatum, subspecies that differ primarily by flower colour (Bradley
et al., 2017; Tavares et al., 2018). These subspecies showed no evidence of genome-wide barriers to gene flow (Ringbauer et al.,
2018). This suggests that the genomes may be largely exchanged
following secondary contact (Tavares et al., 2018) despite the presence of local barriers to gene flow at flower colour genes.
Given the recent origin and rapid radiation of the genus, like
many other study systems for investigating speciation, this pattern of adaptive divergence in the presence of gene flow might be
typical of incipient lineages undergoing speciation. Similar patterns of phenotypic evolution in response to harsh environments
have been found in the Senecio lautus species complex, where different populations have adapted recurrently to dune, headland
and alpine environments and show evidence of recent gene flow
(Roda et al., 2013). Similarly, in Stickleback fish, recurrent
colonisation of freshwater habitats was accompanied by the evolution of similar phenotypic traits, including changes in body
shape, skeletal armour and pigmentation (Jones et al., 2012).
Overall, our results show how natural selection can promote and
maintain suites of phenotypic differences, even in the presence of
gene flow, and place Antirrhinum as a promising system for
future studies of adaptive divergence.
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